A novel membrane reactor with two zones containing structured filamentous catalytic beds was proposed for propane nonoxidative dehydrogenation. Catalytic filaments with a ∼7-µm diameter consist of silica covered by porous alumina with 0.5% Pt/1% Sn. These filaments were placed in parallel in a tubular membrane reactor. The hydrodynamic characteristics of the reactor correspond to the properties of a multichannelled microreactor with laminar flow, a low pressure drop, and a narrow residence time distribution. A propane conversion of 0.34 at 823 K was reached, instead of the 0.24 equilibrium value. The catalyst demonstrated a suitable stability under periodic regeneration in oxidative atmosphere.
Introduction
The increasing demand for propene and propene derivatives requires further development of available technologies taking into account the process efficiency, environmental impact, and operating simplicity. Production of propene via nonoxidative catalytic dehydrogenation of propane has technological constraints because (1) the reaction is highly endothermic; (2) the thermodynamic equilibrium limits the conversion; and (3) at the temperatures required by the reaction thermodynamics, thermal cracking occurs, thus lowering the catalyst activity by coke deposition on the catalyst surface, which necessitates periodic regeneration.
Any development of catalytic propane dehydrogenation technology has to consider (1) the supply of sufficient heat, (2) the avoidance of decomposition of the feed and effluents, (3) the minimization of the pressure drop in the catalytic bed, (4) the optimization of the catalyst formulation working at the desired temperature and with reasonable operational lifetimes, and (5) the burning off of coke from the catalyst surface without altering its activity/selectivity. Therefore, reactor engineering has to be integrated with the catalyst design. Herein, we report a novel reactor design for the nonoxidative dehydrogenation of hydrocarbons. The reactor concept combines the advantages of membrane reactors (shifting the equilibrium and/or lowering the working temperature) with optimal fluid dynamics ensuring laminar flow and a narrow residence time distribution during periodic reactor operation. This specific reactor design calls for a specific catalyst structure in the form of long-length filamentous threads.
The aim of this work is a twofold: (i) first, to develop catalysts in the filamentous form that are active/ selective in propane nonoxidative dehydrogenation, and (ii) second, to design a periodically operated membrane reactor with a filamentous catalytic bed. The main hydrodynamic parameters of the reactor (pressure drop and residence time distribution) have also been studied.
Reactor Concept
The reactor proposed in this study has the following main features: (1) Two zones are separated by a membrane permeable to hydrogen. (2) Both zones are filled with the same filamentous catalyst oriented parallel to the reactor walls. (3) Gas passes along the filaments, ensuring the axial laminar flow shown in Figure 1 . (4) Reaction and regeneration are carried out in a cyclic mode by switching the reaction mixture from one zone to another.
The structured catalytic bed arranged with parallel filaments of few micrometers in diameter (7 µm) should present flow hydrodynamics similar to that of a multichannel microreactor. These reactors are known to have a laminar flow and a short radial diffusion time, resulting in a narrow residence time distribution (RTD). 1, 2 In fact, the channels for gas flow between the filaments (see Figure 1 ) have an equivalent hydraulic diameter in the range of a few micrometers, thus ensuring laminar flow. As a consequence, the radial diffusion time from the gas phase to the surface of the nearest filaments is also short because of the diffusion distance of some micrometers.
The reactor design is schematically presented in Figure 2 . The two zones of the tubular reactor are separated by a Pd/Ag membrane permeable to hydrogen. On one side of the membrane (zone I), the dehydrogenation takes place, with simultaneous coke formation on the catalyst surface and diffusion of hydrogen to zone II. On the other side of the membrane (zone II), hydrogen is oxidized in an oxygen/nitrogen gas mixture, thus generating heat for the endothermic dehydrogenation in zone I. Moreover, because of the permanent oxidation of hydrogen, a high radial gradient in the hydrogen concentration is obtained. This gradient allows for the efficient removal of hydrogen from the reaction zone and a consequent shift of the reaction equilibrium. Simultaneously with the hydrogen oxidation, the deactivated catalyst is regenerated by the burning off of coke from the catalyst surface. The feeds of oxygen and propane are switched periodically between the two zones.
The catalytic filaments with a diameter of ∼7 µm consist of a silica core covered by a γ-alumina porous layer on which an active phase (Pt/Sn) is located. 3 
Experimental Section

Catalyst Preparation and Characterization.
Aluminoborosilicate glass fibers in woven form (Vetrotex France SA) with a specific surface area (SSA) of ∼2 m 2 g -1 were used as the starting material for the preparation of the catalytic support. First, the fabrics were treated at 90°C in 1.0 N aqueous solutions of HCl to leach out the non-silica components of the glass; then, the material was rinsed in distilled water and dried in air at 50°C overnight. 4 The specific surface area was increased by this procedure up to 290 m 2 g -1 , indicating that porous filaments were obtained. The filaments' surfaces were then covered by γ-alumina via deposition/ precipitation of aluminum hydroxide from an aqueous solution of a suitable salt, followed by drying and calcination in air at 650°C for 3 h. The resulting support material, alumina/silica filaments (ASFs), is mechanically stable up to 800°C, compared to the starting glass fiber, which becomes soften at temperatures of ca. 400°C
. The SSA of the final material is in the range of 100-230 m 2 g -1 .
The active metals (Pt and Sn) were deposited via a two-step impregnation from aqueous ammonia solutions (pH ) 10). SnCl 2 and hexachloroplatinic acid (H 2 PtCl 6 ) (purum, Fluka Chemie AG, Buchs, Switzerland) were used as precursors. Impregnation was followed by drying at 50°C overnight and calcination at 450°C in air for 1 h. The concentrations of the solutions were adjusted to attain a catalyst formulation of 0.5% Pt/1% Sn on ASF. This composition was reported to be selective toward propene and to have acceptable stability with time-on-stream. 3 
Structured Catalytic Bed.
The catalytic filaments were introduced into the tubular reactor in the form of threads (see Figure 3B ). Each thread with a diameter of about 0.5 mm consists of a bundle of ∼100 filaments ( Figure 3C ), each with a diameter of ∼7 µm. The surfaces of the filaments are covered by γ-alumina with the active metals Pt/Sn ( Figure 3D ). The catalytic threads were placed in parallel into the cylindrical tubular reactor ( Figure 3A ). The catalytic bed arranged in this manner had about 300 threads per cm 2 within the tube cross section. The porosity of the filamentous packed bed is ≈ 0.8. The catalyst surface area per unit volume was measured by BET experiments and is on the order of 10 8 m 2 /m 3 and about 1.5 orders of magnitude higher than that of washcoated tubes of the same diameter. 5 3.3. Membrane Reactor. The membrane used in this study consists of a Pd/23% Ag alloy in the form of a tube with a wall thickness of 70 µm (Johnson Matthey and Brandenberger SA, Zü rich, Switzerland). The hydrogen flow through such a membrane was found to be proportional to the difference of the square roots of the hydrogen partial pressures on the two sides of the membrane. The following equation 6 is suggested for estimation of the hydrogen flux where T is the temperature (K); t memb is the membrane thickness (m); and p I and p II are the hydrogen partial pressure in zones I and II (Pa), respectively (cf. Figure  2 ). The reactor is schematically presented in Figure 4 . It has a length (L) of 140 mm and an internal diameter (ID) of 6 mm. It is inserted in a quartz tube with an internal diameter of 8.6 mm. The interstitial volume (a shell) represents zone I (Figure 2 ). The tube and shell volumes are equal to 4.0 mL, and both could be filled by catalytic filaments.
3.4. Experimental Setup and Procedure. The experimental setup is schematically presented in Figure  5 . It consists of four main parts: (1) the supply of gases (propane, oxygen, and nitrogen) via mass flow controllers, (2) the reactor, (3) the analytical part equipped with a GC (HP6890 Series, Supelco Carboxen 1010 column), 
and (4) pressure regulators. A four-way valve is used to switch the two feeds (propane and oxygen/nitrogen). For catalyst screening, a quartz tube (6 mm ID, 450 mm length) was used as a plug-flow reactor. The reaction was carried out at temperature of 823 K and an absolute pressure of 0.14 MPa. The catalyst (375-630 mg) was introduced into the middle part of the reactor in the form of fibers or powder. Before the reaction, the catalyst was heated under a nitrogen flow at 10 K/min to the reaction temperature. After 15 min of temperature stabilization, the flow of nitrogen was replaced by a flow of pure propane, and the reaction products were monitored.
After about 4 h on-stream, the catalyst was regenerated by passing a mixture of 5% O 2 in N 2 at the reaction temperature through the reactor. The only product observed in the outlet of the reactor during regeneration was CO 2 . The regeneration time depends on the catalyst used and the degree of deactivation observed. In most cases, a 4-h regeneration was sufficient to completely burn off the deposited coke. The conversion of propane was calculated according to eq 2. The calculation does not consider the conversion of propane to coke, as its instantaneous formation is time-dependent and difficult to estimate. Therefore, the calculation is based on the propane conversion to propene, ethane, ethene, and methane. The relative error is estimated to be on the order of 2-4%.
The selectivities toward the formation of different products were calculated according to eq 3, where c i is the number of carbon atoms in compound i. Here, too, the coke formation is neglected.
Residence time distribution experiments were performed by measuring the response to a step function (10% Ar in N 2 ) with a quadrupole mass spectrometer (TSU 260D, Balzers, Balzers, Liechtenstein).
Results and Discussion
Hydrodynamics and Residence Time Distribution.
The main drawbacks of randomly packed beds are the high-pressure drop and various flow maldistributions, resulting in a broad residence time distribution (RTD). 7 The longitudinal arrangement of filaments in the tube reactor gives a structure of parallel microchannels with a hydraulic diameter corresponding to the diameter of filaments. In the present study, the microchannels have a diameter in the range of a few micrometers, thus ensuring laminar gas flow. In such channels, the radial diffusion time is short (on the order of 10 -1 s). Therefore, a narrow residence time distribution can be expected.
The RTD was measured in a tube packed with fibrous catalysts and with granules of silica and γ-alumina of different shapes and sizes. Under identical experimental conditions, all randomly packed beds demonstrated a significantly broader RTD compared to that of the structured filamentous packing. As an example, in Figure 6 , the experimentally obtained RTD for a filamentous catalytic bed (curve 1) is presented. The much narrower RTD over ASF is clearly seen in comparison with the RTDs for the randomly packed beds (curves 2 and 3).
The pressure drop during the passage of gas through the tube packed with spheres of 100-160-µm diameter was also measured and compared to the pressure drop through the structured filamentous packing. The hydraulic diameters of the two beds are on the same order of magnitude. For the same conditions as indicated in Figure 6 the pressure drops at 120 mL/min (STP) were found to be The pressure drop measured for the structured microchannel reactor can be used to estimate the equivalent diameter of the channels under laminar flow based on the well-known relationship of Hagen-Poisieulle 
The estimated equivalent diameter of the microchannels in the filamentous catalytic bed was found to be d eq ≈ 70 µm.
Propane Dehydrogenation. 4.2.1. Catalyst Testing.
The catalyst performances were tested in a quartz tubular reactor (ID ) 6 mm) at a temperature of 823 K. The mass of catalyst and the space time were kept constant for all runs. With fresh catalyst, the equilibrium conversion was attained for all runs. As a result of coke formation, the activity decreased with time-on-stream, resulting in some loss of conversion ( Table 1) . Addition of Sn to Pt is seen to increase the selectivity toward propene, together with the catalyst stability. The filamentous catalyst Pt/Sn/ASF was found to have the same activity and stability as powdered 0.5% Pt/1.0% Sn/Al 2 O 3 catalyst, while the selectivity is even increased from 0.88 to 0.93.
To compare the performance of the structured packing with that of a randomly packed filamentous catalyst, the catalyst was introduced into the reactor in the form of rolled tissue. The results obtained are summarized in Figure 7 . Both experiments led to comparable selectivities toward propene, but in the randomly packed catalytic bed, the conversion of propane was about 50% lower. The differences can be partially explained by a more uniform RTD. Furthermore, the packing with rolled catalytic tissues was not homogeneous, leading to the maldistribution of catalyst and, eventually, poor contact between reactant and catalyst. Figure 8 shows the dependence of propane conversion on time-on-stream during dehydrogenation over 0.5% Pt/1% Sn/ASF. The initial conversion corresponds to the equilibrium value X eq ) 0.24 under the reaction conditions used. 8 The conversion decreases to X ) 0.14 during the first 100 min on-stream and reaches X ) 0.12 after 250 min. The propene selectivity decreases slowly with time from 0.92 initially to 0.88 after 250 min. The byproducts detected in the effluents were methane, ethane, and ethene.
Catalyst Deactivation and Regeneration.
The loss of activity is due to the deposition of coke on the catalyst surface, which can be removed by oxidation. The catalyst regeneration was performed by replacing the propane flow with a flow of 5% O 2 in N 2 at 823 K. It took about 4 h until the amount of CO 2 at the outlet of the reactor dropped to a negligible value, indicating that the coke was burned off completely. Thus, the switch between the two feeds (propane and oxygen) was performed every 4 h, resulting in a cycle time of 8 h. Figure 9 presents five cycles of dehydrogenation/ regeneration. The residence time, referred to a packed tube with a porosity of ) 0.83, was kept relatively short (4.9 s) to attain a low conversion of propane so that the catalyst activity after each regeneration could be compared. The highest activity was reached with fresh catalyst. After each regeneration during first three cycles, some loss of activity was observed, but the propane conversion remained stable afterward. The propene selectivity was essentially not altered by regeneration.
These results indicate that the catalyst formulation is a crucial point in the development of the process of nonoxidative dehydrogenation of hydrocarbons. . Cyclic dehydrogenation-regeneration with the same ASF catalyst; GHSV ) 735 h -1 (τ ) 4.9 s), 823 K, 0.14 MPa, inlet ) 100% propane at 6.3 mL/min (STP).
Propane Dehydrogenation over Pt/Sn/ASF in the Membrane
Reactor. The membrane reactor described above ( Figure 4 ) was tested for propane dehydrogenation. In a blank experiment in which the tubular reactor was filled with nonimpregnated filaments, the conversion did not exceed 0.6%. This shows that the catalytic activity of the membrane itself can be neglected under the reaction conditions used.
In Figure 10 , the results obtained in the membrane reactor are compared to those for a conventional reactor packed with the same fibrous catalyst. Using the membrane reactor and increasing the residence time from 14 to 42 s allowed the equilibrium conversion of X eq ) 0.24 to be exceeded within the first 50 min. The catalyst deactivation was observed to be faster in the membrane reactor. Within the first 50 min, the propane conversion decreased from 0.34 initially to ca. 0.2. This can be explained by a higher coke formation rate resulting from the lower concentration of hydrogen in the gas phase. 9 The slightly lower propene selectivity can be explained by the high residence time, which favors the consecutive reaction of propene to lighter compounds.
Because diffusion of gas between the filaments in the radial direction is possible, a radial gradient of the hydrogen concentration from the middle of the catalytic bed to the membrane wall will develope. One might expect that this would lead to an enlargement of the RTD. However, because of the short diffusion time from the middle of the bed to the membrane (<1 s) and the high permeability of the membrane, the concentration gradient is very low (a mean concentration of 0.35% H 2 was detected at the reactor outlet). This might explain the observed narrow RTD shown in Figure 6 .
Conclusions
(1) The novel design of a membrane reactor with two zones packed by catalytic filaments placed in parallel is proposed.
(2) The hydrodynamic characteristics of the reactor correspond to those of a multichannelled microreactor with laminar flow, a low-pressure drop, and a narrow RTD.
(3) The filamentous catalyst 0.5% Pt/1.0% Sn/ASF was tested in propane dehydrogenation and showed a high activity (conversion close to the equilibrium value) and suitable stability under periodic regeneration in an oxidative atmosphere.
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